Abstract. The basis for personal dosimetry performance testing in the United States is ANSI/HPS N13.11. Now in it's fourth edition, this standard has been in place since 1983. Testing under this standard is administered by the National Voluntary Laboratory Accreditation Program (NVLAP), and accreditation of dosimetry processors under this program is required by U.S. Nuclear Regulatory Commission (NRC) regulations. The U.S. Department of Energy (DOE) also maintains a testing program for its laboratories and contractors, administered by the Department of Energy Laboratory Accreditation Program (DOELAP). One of the goals of this current revision was the modification of ANSI/HPS N13.11 to allow acceptance by both testing programs in order to bring harmonization to U.S. personal dosemeter performance testing. The testing philosophy of ANSI/HPS N13.11 has always combined elements of type testing and routine performance testing and is thus different from the testing philosophy used in the rest of the world. In this paper, the history of performance testing in the U.S. is briefly reviewed. Also described is the revision that produced the fourth edition of this standard, which has taken place over the last three years (2005)(2006)(2007)(2008) by a working group representing national standards laboratories, government laboratories, the military, dosimetry vendors, universities and the nuclear power industry.
Introduction
Processors of personal dosemeters used for dose of record in the United States are required by federal regulation to be accredited by the National Voluntary Laboratory Accreditation Program (NVLAP). The standard to which testing is done is denoted ANSI/HPS N13.11, "Personnel Dosimetry Performance -Criteria for Testing." The testing requirement makes this standard quite significant, and the various versions have served as patterns for other U.S. dosemeter performance test standards. The standard, after thee revisions, has remained remarkably similar to the original 1983 version, which is a tribute to the original developers of this standard.
In the following, the testing philosophy of this standard is briefly summarized. Testing is performed in various categories of ionizing radiation, such as low and high energy photons, beta particles and neutrons. There are also separate tests for high dose levels for photons to simulate accidents. Two parties are involved in the test: the processor facility and the laboratory performing the test. The former sends un-irradiated dosemeters to the laboratory performing the test while the latter irradiates the dosemeters and returns them to the processor facility for them to read. To simulate the time intervals in routine monitoring, testing occurs in three "rounds" over a period of three to six months in which for each round the processor submits one third of the total number of dosemeters required for each category or sub-category in which testing is to be performed. Performance is determined by calculation of a "performance index", P i , for each dosemeter irradiated, which is calculated by
where H i ' is the dose or dose equivalent reported by the processor for dosemeter i, and H i is the dose or dose equivalent assigned to the dosemeter by the laboratory performing the test. For the n dosemeters in the test (15 in all versions of the standard prior to 2008), two quantities are calculated from the performance indices of the test dosemeters, the "bias", B, given by
and the "standard deviation", S, given by 1 ) (
The test is passed if a "tolerance criterion" is met, defined by the inequality of the form,
where, f(B,S) is a functional combination of B and S (in versions of the standard previous to 2008, the function in its simplest form, |B| + S, has been used), and L is defined as the "tolerance limit." Logarithms of the irradiation levels in each of the categories are selected at random between the logarithms of the specified upper and lower limits; this procedure increases the probability that the selected irradiation levels will be nearer the lower dose level. All irradiations are performed with the dosemeters mounted on a polymethyl methracrylate (PMMA) phantom and the personal dose equivalent is determined from the field quantity (air kerma for photons, absorbed dose to tissue at 0.07 mm for beta particles, and fluence for neutrons) using conversion coefficients.
Background
The use of categories of different photon energies and radiation types in each testing cycle introduces elements of type testing (i.e., testing multiple units of a given type) in what is meant to be a routine performance test (testing of the process). Usually these two elements are clearly separated in testing standards. The question arises, how did this mixture of tests develop and why was it chosen to be performed in this manner? To answer this, one must return to the early days of film badge dosimetry in the United States, work that mainly involved the Manhattan Project and post-war atomic testing. In those days, it was recognized that film dosimetry gave only a very crude estimate of dose received by a wearer, serving more as an indicator than as a quantifier. In particular, the very large energy dependence of silver-halide photographic film was largely ignored in dose estimation. To assess the state of the situation at that time, the Atomic Energy Commission (AEC) contracted the National Bureau of Standards (NBS) to perform a survey of film badge dosimetry in 1954. [1] The persons at NBS who designed and performed this study, Margarete Ehrlich and William McLaughlin, decided that test irradiations should be delivered at 4 photon energies (including one mixture of photon energies), to assess energy dependence of the badges. The results of the study, published just over 50 years ago, showed a wide range of performance and indicated the need for some sort of performance testing program; it took many more years and several more studies before a program was put underway. However, this early study with several photon energy categories, and photon mixtures, set the pattern for all later studies and the modern U.S. standards.
An early attempt at a performance standard was published by the National Sanitation Foundation (NSF) in 1966, in which there were 10 categories which included three x-ray energies, an x-ray accident category, 137 Cs gamma ray photons, 90 Sr/Y beta particles, two mixture categories (beta plus gamma and x-ray plus gamma), and an unexposed dosemeter category. [2] Performance was based solely on the performance index with a tolerance criterion which was independent of delivered exposure down to 0.02 R. The category structure in this standard greatly influenced standards which were to follow, but it was largely ignored because there was no mandatory testing program. The issue was also complicated by the fact that the standard was written strictly with film dosemeters in mind, and at this time thermoluminescence dosimetry was beginning to gain in popularity. NSF did issue several approvals to processors who tested under the NSF standard on a voluntary basis.
The innovation of testing according to the bias and standard deviation was introduced in a study performed for the AEC by the Battelle Pacific Northwest Laboratory in 1967. [3] Energy-dependent categories were also used and in addition, sub-categories were introduced. Performance was assessed by considering the standard deviation separately against tolerance levels that were functions of dose, becoming larger at lower dose levels. Bias was assessed but no performance criteria were applied. This document also is interesting because it is an early indication of the desire of the AEC (the predecessor organization of the U.S. Department of Energy) to develop its own testing program for dosimetry systems used in its facilities. Shortly after the publication of the Battelle study, the American National Standards Institute (ANSI) requested that the Health Physics Society (HPS) develop testing criteria, with the result being ANSI N13.3, "Criteria for Film Badge Performance," which was based mainly on the Battelle results.
U. S. Performance Standards

Initial Standards
The turning point in the development of routine performance testing came in 1973. [4] At a meeting of the Conference of Radiation Control Program Directors, a workshop recommended that a task force of federal and state representatives be formed to address the task of setting up a personnel dosimetry certification program. This led to the establishment in 1975 of the first Working Group to draft an ANSI standard on performance test criteria for personnel dosemeters (independent of type), under the chairmanship of Margarete Ehrlich. After several drafts and much effort, the initial version of ANSI N13.11 was published in 1983. [5] There were several innovations in this standard, including irradiation of dosemeters on a phantom, reporting results in terms of dose equivalent, and pass-fail criteria based on the (initially weighted) sum of bias and standard deviation. In initial drafts, the weighting factors for S were 3 (and later 2) but pilot testing indicated that these were too strict for many systems then in use to pass, so the final version of the standard settled on un-weighted values. The most controversial part of the new standard turned out to be the choice of the photon exposure to dose equivalent conversion coefficients. The committee chose to use results of Monte Carlo calculations of these factors rather than the measured values determined at the (Battelle) Pacific Northwest Laboratory (PNL). This, combined with the above-mentioned DOE desire to have its own program, led to the development and publication of the Department of Energy Standard for the Performance Testing of Personnel Dosimetry Systems in 1986. [6] In this standard, the PNLmeasured conversion coefficients are used, which led to the unfortunate situation in which the dose equivalent assigned to an otherwise identically irradiated dosemeter is different in the two testing standards. The Department of Energy set up the Department of Energy Laboratory Accreditation Program (DOELAP) in 1985 and began pilot testing of the draft DOELAP standard. The two standards were really quite similar apart from the conversion coefficients and a few additional categories in the DOELAP standard; [7] they are compared in Tables 1 and 2 . Meanwhile, in 1984, the Nuclear Regulatory Commission (NRC) published a notice of intent to make a rule that in the future all dosemeter processors would have to be accredited by NVLAP; this became law in 1988.
Revisions of ANSI/HPS N13.11
The first revision of ANSI N13.11 began in 1987 with the appointment of a Working Group under the chairmanship of C. S. Sims. After an initial informational meeting, 16 issues were identified for consideration in the revision. After 10 meetings and much additional discussion, the committee submitted a revised version of the standard which was published as HPS N13.11-1993. [8] Notable changes from the original version were use of SI units, changes to NIST beam code designations, introduction of sub-categories of testing, introduction of angular dependence testing up to 60° for photon fields above 70 keV average energy, recommendation of an lower limit of detection (LLD) calculation method, separate limits of 0.35 on bias (B) and standard deviation (S), limits on the number of dosemeters that can receive dose equivalents between 0.3 mSv and 0.5 mSv, addition of irradiation with 204 Tl beta particles in the beta test category, addition of 241 AmBe irradiations to the neutron category, modification of the allowable beta particle irradiation distances, and the adoption of new dose and dose equivalent reporting conventions and conversion coefficients while retaining previously used phantoms and terminology. It was decided to keep the tolerance level independent of dose level since consideration of 10 years of performance data indicated that the spread in performance quotients did not appreciably increase as the lower limit in the category was approached. [9] 
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Since the standard is used by NVLAP for performance testing, it is up to this organization to decide how the standard is implemented. After a trial period of two years and much public comment, NVLAP made the decision to require angular dependence testing only one time for any dosemeter design. In addition, the testing with the 241 AmBe neutron source was not implemented due to practical limitations of this source. The most serious change in the standard as published, however, involved the conversion coefficients from air kerma to dose equivalent. The 1993 standard proposed the use of conversion coefficients that included the effect of the increased backscatter from PMMA relative to ICRU tissue. This modification caused the conversion coefficients to be up to 20 % higher than those used in the 1983 version, which caused considerable consternation in the community. As a result, new conversion coefficients were calculated which took advantage of some newer Monte Carlo results for ICRU slab phantoms, and which also extended the spectrum averages to all the NIST spectra for several depths of interest and phantom shapes. These conversion coefficients [10] were adopted by NVLAP for use in dosemeter testing in 1995, and remain in use in the current version of the standard for NIST bremsstrahlung spectra.
The above changes in the implementation of the standard led to a new Working Group being formed in 1996 to revise the standard yet again. An overarching concern of this revision was to produce a standard that would be amenable to adoption by DOELAP to end the division in standards that had existed since 1983. In addition, the advent of electronic dosemeters requires that tests not preclude the use of these new devices. This new group, again under the chairmanship of C. S. Sims, identified 12 issues for consideration. After 8 meetings, the third version of the standard was published in 2001. [11] Differences from the previous standard include the addition of many more x-ray spectra allowable for testing in the photon categories. Also included are irradiations at angles up to 60° for beams with average energies above 70 keV in some of the photon subcategories. A new photon subcategory was added to satisfy the special needs of DOE laboratories, and the tolerance level was reduced from 0.5 to 0.4 to more closely match the value in the DOELAP standard. Finally, a performance quotient limit (PQL) was added which states that if more than 10 % (i.e. two) of the performance indices exceed the tolerance level L, then the category is failed. These changes have resulted in an overall tightening of performance criteria and have added increased blindness to the tests. The latest two versions of the standard are compared in Tables 3 and 4 . Working Group was formed under chairmanship of the author to perform yet another revision. At the first meeting of this Working Group, members of the Group and experts outside of the Group were invited to make presentations about concerns with the 2001 version of the standard. As a result of these presentations and initial discussions, about a dozen major issues were identified that were considered in the writing of this version of the standard. The following paragraphs describe how the Group implemented the resolution of many of the issues, to produce the current version of the standard, ANSI/HPS N13.11-2009. [13] Some of these items are treated in detail in the appendices of the standard. Historically, N13.11 has been somewhat of a hybrid of a type test and a periodic test. This version can also be generally perceived in that way. Most criticisms of such a hybrid test involve high cost to the test participant. It is suggested that if there were two separate tests (i.e., type and periodic), there would likely be a high "front-end" cost and a lowering of periodic costs. The Working Group was sensitive to the cost issue and helped the situation by reducing the number of test categories from six to five. The Group endeavored to reduce the number of dosemeters required for testing while making the test comprehensive enough for the needs of both DOELAP and NVLAP.
The six categories in HPS N13.11-2001 were reduced to five in this standard by combining the two photon categories, thereby embedding mixtures within the photon category. The new categories are detailed in Table 5 . The 58 x-ray beam codes approved for use in HPS N13.11-2001 were reduced to 33 in this standard. To accommodate the increased complexity of the new photon mixtures category II, the number of dosemeters used in this category was raised from 15 to 21. The narrow spectrum series (i.e., 241 Am, 137 Cs, and 60 Co), particularly appropriate for DOE facilities, remains as an option in the photon category, but a degree of flexibility has been added in choosing spectra which best simulate the plutonium environment.
The beta category has been modified to make 85 Kr the sole low-energy beta-particle source; 204 Tl has been eliminated. While functionally similar, the 85 Kr half-life is longer, and its available activities are greater than for 204 Tl. In addition, testing with uranium in a slab geometry has been added as a special subcategory. 
The value of L is 0.24 for the accident photon category and is 0.3 for all other categories. After much discussion, the performance quotient limit (PQL) introduced in the previous version of the standard was eliminated. The group concluded that the revised pass/fail criteria and other changes rendered the tests sufficiently challenging.
The dose ranges for the accident and non-accident categories have traditionally had a breakpoint at 100 mSv (10 rem). To prevent excessive numbers of dosemeters from being damaged by such high doses, the upper limit of the range for the photon mixture category was decreased to 50 mSv; the group believed that the number better reflected a reasonable upper limit on routine occupational doses. The lower limit of the range for the photon mixture category has been changed to 0.5 mSv since no single photon personal dose equivalent is allowed to be less than 0.25 mSv. Since the U.S.
regulatory limit for the shallow dose equivalent is a factor of 10 higher than for deep dose equivalent, the upper limit of the beta and photon/beta mixture categories has been increased to 250 mSv. Similarly, the lower limit of the beta category was raised to 2.5 mSv and the photon/beta mixture category lower limit for shallow dose equivalent was raised to 3 mSv. The upper limit of the neutron/photon mixture category remains at 50 mSv for practical irradiation time considerations. The lower limit of 1.5 mSv remains for the neutron/photon mixture category.
Limits were placed on the number of dosemeters which may be irradiated in certain dose regions: no more than two dosemeters in a test may be irradiated below twice the lower dose limit, and no more than two may be irradiated above half of the upper dose limit. Because so many dosemeters were being irradiated at non-perpendicular angles under the previous version of the standard, limits have been placed on the number of non-perpendicular irradiations in the photons/photon mixtures category. Finally, in the beta/photon category, the shallow dose equivalent to deep dose equivalent ratio has been modified such that the ratio of the photon H p (0.07) to the beta particle H p (0.07) is restricted to be in the range of 1:1 to 1:6, inclusive, to better reflect some workplace environments.
The conversion coefficients for photons used in this standard are unchanged from the previous version of the standard. However, after much discussion, the Working Group decided to change the neutron fluence to personal dose equivalent conversion coefficients to those currently promulgated by the International Organization for Standardization (ISO). [16] Because the ISO coefficients were calculated for a slab phantom making use of the latest alpha and proton stopping power information, such a change results in technical consistency with the coefficients for the other types of radiation used in this standard.
For practical purposes, the polymethyl methacrylate (PMMA) phantom will continue to be used in this standard, but with the addition of a specification for phantom backscatter. [15] Also, the Reference Dose Point (RDP) will continue to be on the phantom surface (i.e., the current NVLAP practice). However, the irradiating laboratory (IL) may adjust the absorbed dose or personal dose equivalent at the sensitive elements of the dosemeter, if the test participant desires it and supplies the distance between the surface of the phantom and the sensitive elements.
Finally, the test schedule was tightened by requiring that the irradiating laboratory (IL) return dosemeters to the test participant within 15 calendar days from the completion of each round of testing. In addition, this standard recommends that the test participant report results within 15 calendar days from receipt of the dosemeters from the IL.
Conclusion
Personal dosimetry performance testing continues to evolve in the U.S. The general trend is towards fewer test categories and more stringent limits on allowable performance as indicated by shrinking tolerance criteria. Whether the U.S. will move towards the model used in the rest of the world: a comprehensive initial type test (e.g., [17] ), with relatively simple periodic performance testing [18] , remains to be seen. To the author, however, this seems an inevitable development, given the move in recent years for the U.S. to adopt ISO and IEC standards in radiation protection. It only remains for the proper initiatives to be undertaken by members of organizations such as the Health Physics Society to see this development realized.
